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Abstract

We use the Monte Carlo method to study the influence of free-streaming time and centrality
on the azimuthal distribution of secondary particles produced in ultrarelativistic Au+Awu colli-
sions. We compare three different distributions of nuclear collision participants in our model, and
demonstrate that the eccentricity of the transverse flow pattern decreases with free-streaming time,
and that this reduction in eccentricity occurs more quickly in peripheral collisions. The time de-
pendence of the eccentricity is found to agree closely with an analytic free-streaming model, thus
serving as a confirmation of the quantitative time-evolution of the eccentricity in the free-streaming
approximation. The effect of the diffuse outer region of the Woods- Saxon nuclear density profile
on the eccentricity is also studied, and it is found that the contribution from collisions involving

this part of the distribution is significant, especially in more peripheral events.

PACS numbers:



In ultrarelativistic heavy-ion collisions, the overlapping impact region can be approxi-
mated as an elliptically-shaped distribution of secondary particles whose eccentricity de-
pends on impact centrality and the intrinsic deformation of the colliding nuclei. If both
nuclei are centered on the x-axis, the spatial eccentricity is defined as
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where the angle brackets denote RMS averages over the z-y distribution of participant
nucleons at a fixed time. The participant distribution can be used as an estimate of the
initial energy density in the transverse plane. The eccentricity is of interest in the study
of thermalization of the matter formed at RHIC because of its relation to the elliptic flow
coefficient vy, which describes the azimuthal distribution of particles with respect to the

reaction plane:
d*N dN
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PHENIX measurements have indicated that at low pr, the ratio vy /e is roughly independent

(1 + 2ve(pr)cos(29)). (2)

of centrality over the mid-central region (Fig. 1), which supports predictions from transport
theory and hydrodynamics models [1-3]. It can therefore be assumed that € scales with vy
such that the observation of a fractional reduction in eccentricity is tantamount to observing
a fractional reduction in vs.

In this analysis we investigate Au+Au collisions at impact parameters of ranging from 2
to 12 fm. We take the nuclear radius to be isotropically uniform, neglecting any intrinsic
nuclear deformation. We take the cross-section oy to be 42 mb at full RHIC beam energy.
The space-time evolution of the secondary particle distribution is influenced by the initial
energy density of collision participants [4] as well as hydrodynamic pressure gradients [1].
We allow the particles to flow freely in random directions with the assumption that thermal-
ization occurs abruptly afterwards, and we do not take hydrodynamics, phase transitions,
or scattering processes into account.

Our model employs a Monte Carlo algorithm in which the regions occupied by the col-
liding nuclei are filled with random points placed according to a specified distribution of
collision participants. A simple flat circular distribution (constant d?Npg,¢/dzdy) and colli-
sion participant density functions calculated from hard-sphere and Woods-Saxon profiles are

compared. The nuclear thickness functions T4 (z,y) and Ts(z — b, y) used in the participant



distribution are the projections of spherical nuclei A or B onto the transverse plane:

Tap(x,y) = /dz pa.B(T,Y, 2). (3)

We obtain the normalization factor by requiring the thickness function to return the original
number of nucleons when integrated over the transverse plane: N [dady Ts p(z,y) = A. In
the hard-sphere approximation we assume p(z,y, z) is constant, and we obtain for nucleus
A centered at (x,y) = (0,0) and nucleus B centered at (z,y) = (b,0)

A
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It is assumed that the thickness drops to zero as a step function outside the nuclear radii.
The nuclear thickness function for the Woods-Saxon profile is found by numerically inte-

grating the nuclear density

_ Po
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over the transverse plane, where the parameters R = 6.38 fm and a = 0.54 fm are used for
the Au nucleus [9].

Whatever the nuclear density profile used, the probabilities for interaction must be taken
into account to compute the collision participant distribution. For an interaction between
a single nucleon and nucleus A, the mean number of interactions is (N;,) = oxnTa(z,y),
and if the number of interactions suffered by the nucleon is assumed to follow a Poisson
distribution, the probability to interact is 1 — Prob({N;) = 0), or 1 — exp(—(Nin)). If
the single nucleon is then replaced by nucleus B, the contribution to the participant density

from nucleus B is
d’>Ng
dxdy

The contribution from nucleus A will have a similar form, and the total participant density

= Tp(z — b,y)(1 — exp[—onnTa(z,y)]). (6)

function is the sum of the two contributions:

2
d part

dzdy

=Ta(z,y) (1 — exp[—onnTB(x — b,y)]) + Te(x — b,y) (1 — exp[—onnTa(z,y)]) -
(7)

For all of the density models tested, the secondary particles occupying the overlap region are

given a velocity of ¢ in random azimuthal directions, and are then allowed to travel for 4 fm/c.

The positions are recorded at each interval of 0.5 fm/c. Although an oversimplification, this



approach provides a reasonable starting point for obtaining a first-order estimate of the
elliptic flow evolution.

As a check, the results are compared with an analytic model proposed by Kolb et al [1]
which employs similar assumptions (i.e. free-streaming before immediate thermalization)

but uses a Gaussian particle distribution in phase space for the initial ellipse:

(8)
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With this parametrization the time dependence of the elliptic flow can be written as

e(to + At) _ [ (cAt)Q}l ©

€(to) (r?)
The parameters R, and R, in eq. (8) are the width and height of the initial ellipse, and
the quantity (r?) in eq. (9) is the angle-averaged squared radius of the ellipse formed by N

secondary particles:
N 2 2
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Equation (9) is plotted together in fig. (2) with the result of the Monte Carlo calculations

using the (r?) values computed for each timestep and impact parameter. The agreement
between the Monte Carlo results and eq. (9) is quite close for the three different models,
and the curves for the models are similar to each other, suggesting that the time evolution
of the eccentricity in the free-streaming approximation does not depend sensitively on the
nuclear density profile.

The initial eccentricities for the hard-sphere and Woods-Saxon distributions are plotted
in fig. (3) with results from a Glauber Monte-Carlo calculation by K. Reyers [10]. The
eccentricities for the hard-sphere distribution are higher than those of the Glauber model
by a factor of 2, while The Woods-Saxon eccentricites agree within a few percent up in the
central and mid-central region. Because the Glauber model by Reygers employs a Woods-
Saxon distribution with the same parameters, this is expected, but it suggests that initial
eccentricity of the elliptic region is highly model-dependent, despite the fact that the time
evolution of the elliptic dilution is not. The contribution to the elliptic distribution of the
outermost particles in the Woods-Saxon profile is examined by restricting the size of the
distribution at various cutoff radii. If the full Woods-Saxon profile is truncated at a cutoff

radius 7. = 10.3 fm, the initial eccentricities agree very closely with the Glauber values. The
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initial eccentricities are sensitively dependent on the r. value chosen, and range from the
lowest curve in fig. (3) (r. = oo) to the hard-sphere curve as r. approaches the hard-sphere
radius. The contribution to the initial eccentricity of the particles lying within and outside
the R parameter of eq. () is shown as a function of impact parameter in fig (4). If we
denote the particles residing at » < R and r > R as r. and r-, it can be seen that r. + r.
collisions make a small contribution to the ellipse, while r-+7r- collisions are significant at all
centralities, and in fact become the dominant contribution to the number of particles in the
ellipse in the most peripheral events. This serves to further illustrate that the diffuse region
in the “tail” of the Woods-Saxon profile is a large contributor to the particle distribution
composing the ellipse, and should not be neglected in the construction of theoretical models.

To summarize, we observe a reduction in eccentricity with time for the three nuclear
density distributions in tested in our model, and a sharper reduction in eccentricity with time
at larger impact parameters. This behavior is quantitatively consistent with the analytic
free-streaming model of Kolb et al that is based on a Gaussian particle distribution, and
suggests that the nuclear density profile is not of primary importance in determining the time
evolution of the elliptic flow in the free-streaming approximation. The initial eccentricities,
however, depend upon the nuclear thickness function used, and the full Woods-Saxon profile
should be accounted for in transport and hydrodynamics models of heavy-ion collisions.
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FIG. 1: PHENIX Data: vy/e vs. centrality for Au+Au at +/130 GeV for a pr range of 0.4 - 0.6
GeV/c [6]. Note that the ratio remains within 20% of 0.2 for the entire centrality range shown.

This suggests that the time evolution v9 should be very similar to that of e.
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FIG. 2: Left Column: Eccentricity vs. time for the three particle distributions tested. Solid lines
are from Monte Carlo simulations, dashed lines are plots of eq. (9). Right Column: Monte Carlo
image of elliptical overlap region at time of impact (top) and after 4 fm/c of free-streaming. The
plot colors correspond to impact parameters (in fm) as follows: black-2, red-4, green-6, blue-8,

yellow-10, magenta-12.



\ Comparison with Phenix Glauber calculation |
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FIG. 3: Comparison of €(ty) values calculated in this analysis and those done by K. Reygers [10].
The blue points are from the Glauber model. The red points are for the hard-sphere approximation,
the black for a full Woods-Saxon distribution, and the magenta points are for a Woods-Saxon profile
which is truncatd at r. = 10.3 fm.The initial eccentritity is most sensitive to the value of r. in

more peripheral collisions.
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FIG. 4: Fractional contributions r~ 4+ 7 (blue), r~ +r~ (black), and r~ + 7~ collision participants
(red) to the initial eccentricity values. The r. + rs contributions dominate the distribution at

larger impact parameters but are significant even in the most central events.



